UNCLASSIFIED 
AD  NUMBER 


AD348073 

CLASSIFICATION  CHANGES 

TO: 

unclassified 

FROM: 

confidential 

LIMITATION  CHANGES 

TO: 

Approved  for  public  release,  distribution 
unlimited 


FROM: 

Distribution  authorized  to  U.S.  Gov't, 
agencies  and  their  contractors; 
Administrative /Operational  Use;  JAN  1964. 
Other  requests  shall  be  referred  to  Aero 
Propulsion  Lab.,  Research  and  Technology 
Div.,  AFSC,  Wright-Patterson  AFB,  OH 
45433. 

AUTHORITY 

31  Jan  1976,  DoDD  5200.10;  AFWAL  ltr,  8 
Oct  1987 


THIS  PAGE  IS  UNCLASSIFIED 


THIS  REPORT  HAS  BEEN  DELIMITED 
AND  CLEARED  FOR  PUBLIC  RELEASE 
UNDER  DOD  DIRECTIVE  5200.20  AND 
NO  RESTRICTIONS  ARE  IMPOSED  UPON 
ITS  USE  AND  DISCLOSURE. 

DISTRIBUTION  STATEMENT  A 

APPROVED  FOR  PUBLIC  RELEASE; 
DISTRIBUTION  UNLIMITED. 


GENERAL 


SCHEDULE 

111  mmm  with 

HI  52II.M  1  EXCCIItIVE  illtl  11152 


CLASSIIIED  BY_ 


Siijuct  ti  fine'll  DeclisslfitailH 
EiiGstlra  Order  11SS2-filtliltidllif 
l  Years  interval i-  DECLUSSIFIEI)  ON 


BY 

in  mi  liteiiititiik  tester 
lift!*#  ivni?  Airier 
tiairli  StatlM 
limirli,  tlrjlili  22314 


DEFENSE  DOCUMENTATION  CENTER 

FOR 

SCIENTIFIC  AND  TECHNICAL  INFORMATION 

CAMERON  STATION.  ALEXANDRIA.  VIRGINIA 


«r 

.  v»  A  > .  * 


r 


NOTICE:  When  government  or  other  drawings,  speci¬ 
fications  or  other  data  are  used  for  any  purpose 
other  than  in  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  S. 
Government  thereby  incurs  no  responsibility,  nor  any 
obligation  whatsoever j  and  the  fact  that  the  Govern¬ 
ment  may  have  formulated,  furnished,  or  in  any  way 
supplied  the  said  drawings,  specifications,  or  other 
lata  is  not  to  be  regarded  by  implication  or  other¬ 
wise  as  in  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rights 
or  permission  to  manufacture,  use  or  sell  any 
patented  invention  that  may  in  any  way  be  related 
thereto. 


NOTICE: 

THIS  DOCUMENT  CONTAINS  INFORMATION 
AFFECTING  THE  NATIONAL  DEFENSE  OF 
THE  UNITED  STATES  WITHIN  THE  MEAN¬ 
ING  OF  THE  ESPIONAGE  LAWS,  TITLE  lP, 
SFCTXW.  7  >"  *r>.‘  nU .  7HF 
TRANSMISSION  OR  THE  REVELATION  OF 

its  contents  in  any  manner  to  a:; 

UNAUTHORIZED  PERSON  IS  PROHIBITED 


BY  LAW. 


CONFIDENTIAL 


RTD  -TDR  -63  -4097 


Is* 

o 

CO 

CO 


(Unclassified  Title) 

The  Utilization  of  Supersonic  Combustion 
Ramjet  Systems  at  Low  Mach  Numbers 


Sqn  Ldr  Edward  T.  Curran,  RAF 
Frank  D.  Stull 


TECHNICAL  DOCUMENTARY  REPORT  NO.  RTD-TDR-63-4097 


January  1964 


:CO' 

O 

O  ' 

AF  Aero  Propulsion  Laboratory 
Research  and  Technology  Division 
Air  Force  Systems  Command 
Wright-Patterson  Air  Force  Base,  Ohio 

00 

i 

(  DOWNGRADED  AT  9  YEAR  INTERVALS*} 
l  DECLASSIFIED  AFTER  t*  YEARS.  J 

non  dir  ssmm* 

CO’ 

1 

V 

% 

Project  No.  3012,  Task  No.  301201 

Best  Available  Copy 


CONFIDENTIAL 


63AP-31W1 


NOTICES 


When  Government  drawings,  specifications,  or  other  data  are  used  for  any 
purpose  other  than  in  connection  with  a  definitely  related  Government  procure¬ 
ment  operation,  the  United  States  Government  thereby  incurs  no  responsibility 
nor  any  obligation  whatsoever;  and  the  fact  that  the  Government  may  have 
formulated,  furnished,  or  in  any  way  supplied  the  Bald  drawings,  specifications, 
or  other  data,  is  not  to  be  regarded  by  implication  or  otherwise  as  in  any 
manner  licensing  the  holder  or  any  other  person  or  corporation,  or  conveying 
any  rights  or  permission  to  manufacture,  use,  or  sell  any  patented  invention 
that  may  in  any  way  be  related  thereto. 


This  document  contains  information  affecting  the  National  defense  of  the 
United  States  within  the  meaning  of  the  Espionage  Laws,  Title  18,  U.S.C., 
Sections  793  and  794.  Its  transmission  or  the  revelation  of  its  contents  in  any 
manner  to  an  unauthorized  person  is  prohibited  by  law. 


Qualified  requesters  may  obtain  copies  of  this  report  from  the  Defense 
Documentation  Center  (DDC),  (formerly  ASTIA),  Cameron  Station,  Bldg.  5, 
5010  Duke  Street,  Alexandria  4,  Virginia 


Copies  of  this  repor*  should  not  be  returned  to  the  Aeronautical  Systems 
Division  unless  return  ir  required  by  security  considerations,  contractual 
obligations,  or  notice  on  a  specific  document. 


A'-W-A-tll  *4  ISO 


RTD-TDR-63-4097 


CONFIDENTIAL 


FOREWORD 
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Stull,  Ramjet  Components  Branch,  Ramjet  Engine  Division,  of  the  AF  Aero  Propulsion 
Laboratory,  Research  and  Technology  Division,  Wright-Patterson  Air  Force  Base,  Ohio. 
The  work  described  was  accomplished  under  Advanced  Technology  Program  651 E 
“Supersonic  Combustion  Ramjet.”  This  work  was  prepared  specifically  for  presentation 
at  the  AIAA  Summer  Meeting,  Los  Angeles,  California,  17-20  June  1963. 
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ABSTRACT 

Some  in-house  studies  carried  out  <>i  AF  Aero  Propulsion  Laboratory  to  investigate 
the  low  speed  performance  of  the  supersonic  combustion  ramjet  engine  is  presented. 

A  discussion  of  the  fundamental  problems  of  low  speed  operation  is  followed  by  a  review 
of  techniques  of  converting  from  supersonic  to  subsonic  combustion.  In  concluding  a  new 
engine  concept,  the  “dual-mode”  engine,  is  discussed,  and  its  potential  performance 
outlined. 
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INTRODUCTION 


ITie  supersonic  combustion  ramjet  engine  (Scramjet)  has  been  shown,  in  Reference  1, 
to  possess  the  potential  of  high  performance  in  the  speed  range  Mach  8-25.  However, 
operation  of  such  engines  at  speeds  substantially  below  Mach  8  has  received  little  atten¬ 
tion  previously.  Presumably  this  is  because  of  two  factors:  (1)  it  is  generally  conceded 
on  the  basis  of  current  component  efficiencies,  that  subsonic  combustion  engines  yield 
better  performance  at  the  lower  speeds;  and  (2)  the  extension  of  Scramjet  operation  to 
lower  speeds  appears  inherently  difficult.  However,  acceleration  of  a  Scramjet  powered 
vehicle  to  the  region  of  Mach  8  is  a  formidable  problem.  Acceleration  to  this  speed  by  a 
iurbo-accelcrator  engine  is  questionable  unless  a  complex  multi  mode  operation  is  under¬ 
taken.  It  follows,  therefore,  that  any  significant  reduction  in  the  take-over  speed  of  the 
Scramjet  could  provide  a  major  simplification  in  the  turbo-accelerator  system  with  con¬ 
siderable  benefit  to  the  overall  vehicle  performance,  liven  if  supersonic  combustion  can¬ 
not  itself  be  sustained  at  low  Mach  numbers,  every  effort  should  be  made  to  utilize  the 
main  Scramjet  duct  for  efficient  propulsion  at  these  lower  speeds.  For  example  the  Scram¬ 
jet  duct  might  be  used  either  as  a  subsonic  combustion  ramjet  or  as  a  mixing  chamber 
for  a  thrust  augmentation  device  of  the  ram-rocker  type.  Obviously  such  utilization  must 
not  seriously  degrade  the  Scramjet  performance  at  the  higher  Mach  numbers. 

We  aim  in  this  report  to  stimulate  thought  about  methods  of  utilizing  the  Scramjet  duct 
at  low  speeds  to  obtain  efficient  propulsion.  As  a  possible  end  product,  one  can  conceive 
a  fixed  geometry  propulsion  system  which  would  operate  over  a  wide  Mach  number  range, 
say  from  4  through  25.  As  an  intermediate  goal  a  fixed  geometry  system  operating  through 
a  more  restricted  Mach  number  range,  sav  from  2  to  12,  would  be  an  attractive  engine  for 
hypersonic  flight  applications. 

In  this  report  we  are  concerned  essentially  with  engine/vchicle  operation  in  the  Mach 
number  range  of  3  to  10.  A  typical  vehicle  is  illustrated  in  Figure  1.  The  corresponding 
stations  used  in  cycle  calculations  are  shown  in  Figure  2.  The  trajectory  considered  is 
generally  limited  to  a  dynamic  pressure  of  1?50  psf. 


DESIGN  FEATURES  OF  A  HIGH  STEED  ENGINE 


Before  considering  the  problems  of  operating  a  Scramjet  at  low  speeds  it  is  necessary 
to  consider  the  design  features  of  an  engine  designed  for  high  Mach  number  operation, 
one  of  the  major  features  is  the  shape  of  the  combustor  chamber  and  ihe  associated  mode 
of  heat  nddirion.  Mosr  project  work  is  at  present  based  on  either  constant  area  or  constant 
pressure  heat  addition  processes.  However,  irrespective  of  the  choice  of  constant  area 
or  constant  pressure  processes,  there  is  very  little  difference  in  the  performance  levels 
achieved  at  the  higher  hypersonic  speeds. 


Manuscript  released  by  the  authors  8  October  ll>63  for  publication  as  a  HTD  Technical 
Documentary  Report. 
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\  performance  chart  for  a  Sc  ram  jet  with  a  constant  pressure  combustor  and  operating 
at  a  flight  npeed  of  26, 000  ft  sec  is  shown  in  Figure  3.  In  Figure  -1  the  corresponding  area 
ratios  for  a  possible  engine  design  are  shown:  the  intake  capture  area  ratio  is  of  the  order 
.if  'V-  '0:1,  and  the  ooi'iliiisior  area  ratio  is  approximately  2:1,  For  the  type  of  vehicle 
itiii.ii - r-  a> iiiaiiii-r  *ti' "a  the  maximum  nozzle  area  will  he  approximately  equal  to  the  inlet 
capture  are.:;  thas  the  w Vide  area  ratio  will  he  about  10-25:1. 


i  <  iV.  oi'i.liO  i’l  UF.  )i*M  \NC1-.  ( JF  SCRAM.)  if  f 


i  im  I  0  :■  o:i  i!  ai  \d  . . 

As  the  tligin  speed  of  rile  engine  is  reduced,  efficient  operation  requires  Unit  more 
d  ffu.>ii  n  be  performed  by  the  intake.  Thus  the  cumulative  effects  of  reducing  flight  speed 
and  mcre.isin '  diffusion  result  in  a  severe  reduction  in  the  Mach  number,  at  entry  to  the 
combustor.  I  bis  decrease  has  serious  consequences  6*r  combustor  operation,  in  the  case 
of  a  constant  a  re  a  combusior  operating  with  a  given  supersonic  entry  Mach  number,  the 
■  ill- ou  t  of  heal  which  can  be  added  to  the  flow  is  limited  by  the  attainment  of  sonic  speed 
u  the  combustor  exit.  Any  further  attempt  to  add  heat  to  this  thermally-choked  flow  will 
•VMiit  in  shock  wave  formation  upstream  of  the  combustor  and  breakdown  of  the  super- 
-onie  fl-,.w  at  the  entry  to  the  combustor.  Thus  as  the  combustor  entry  Mach  number  is 
reduced  the  amount  of  hear  which  can  he  added  to  the  flow  is  reduced.  This  lirnitat.  m  is 
diown  in  Figure  5  for  tile  combustion  of  hydrogen  and  air.  The  allowable  equivalence  ratio 
is  plotted  as  a  function  of  flight  speed  and  intake  diffusion.  Thus  a  rapid  fall  in  equivalence 
r  iri->  occurs  as  both  flight  speed  and  velocity  ratio  decrease.  This  reduction  in  equivalence 
ratio  is  reflected  bi  1  considerable  loss  in  the  specific  thrus  of  the  engine. 

burning  no-.v  to  the  case  of  the  constant  pressure  combustor,  which  also  operates  at  con¬ 
stant  flow  vlocitv,  the  thermal  choking  phenomenon  does  not  occur.  For  a  given  supersonic 
Mach  number  at  entry  to  the  combustor  the  continuing  addition  of  heat  will  eventually  re¬ 
duce  the  flow  Mach  number  to  a  subsonic  value,  the  combustor  area  continuously  increasing 
with  heat  addition.  Hov/ever,  it  is  considered  that  the  attainment  of  sonic  flow  at  the  com¬ 
bustor  exit  is  still  a  practical  limitation  on  the  amount  of  heat  addition  because,  if  the  flow 
is  allowed  to  go  subsonic,  then  some  form  of  convergent-divergent  exit  nozzle  will  be 
required  to  expand  the  flow.  The  equivalence  ratio  required  to  produce  a  sonic  condition  at 
the  exir  of  a  constant  pressure  combustor  is  shown  in  Figure  6.  This  limitation  .n  tile 
equivalence  ratio  is  not  as  severe  as  for  the  constant-area  case  shown  in  Figure  5.  Ir 
should  be  noted  rh  ir  nil  the  above  limits  are  based  on  one  dimensional  considerations  and 
include  real  gab  efforts.  Fuel  injection  effects  have  been  neglected. 

Various  supersonic  hear  nddiiion  were  considered  based  on  perfect  gas  re- 

itionships.  The  area  ratios  required  for  these  are  shown  in  Figure  7.  l-.xcept  for  the 
c  cistant  static  temperature  and  constant  Mach  number  processes,  both  the  Mach  number 
at  the  combustor  entrance  and  combustor  exit  were  fixed  at  6  and  1.1,  respectively.  The 
lines,  representing  these  processes,  end  at  a  coral  temperature  ratio,  T0*/Ta#,  correspond¬ 
ing  to  the  amount  of  heat  required  to  reach  Mach  1.1  at  the  combustor  exit.  Results  are 
indicated  by  the  circles  where  the  combustor  inlet  Mach  number  was  changed  from  6.0  to 
2.5,  thereby  allowing  for  diffusion  in  the  inlet  at  a  flight  Mach  number  of  6.0.  Note  that  the 
polytropic  processes  with  a  positive  exponent  represent  convergent  ducts  and  can  take  very 
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Little  heat  addition  before  reaching  near  sonic  conditions.  For  the  constant  Mach  number 
process  and  the  constant  static  temperature  process,  both  the  prescribed  boundary  con¬ 
ditions  cannot  be  fulfilled;  the  combustor  entrance  and  exit  Mach  are  by  definition  equal 
in  the  constant  Mach  number  process,  and  in  the  case  of  the  constant  static  temperature 
the  exit  Mach  number  increases  rather  than  decreases  with  heat  addition.  For  a  given 
flight  Mach  number  the  approximate  fuel  equivalence  ratio,  4,  may  be  related  to  the  total 
temperature  ratio  as  indicated  in  the  figures.  It  is  interesting  that  for  reasonable  com¬ 
bustor  area  ratios  (less  than  5)  at  an  equivalence  ratio  of  one,  the  constant  pressure 
process  is  very  attractive.  Only  the  performance  of  the  constant  pressure  combustion 
Scram  jet  will  be  presented  herein. 

Cycle  Performance  at  I  .ow  Speeds 

For  the  purposes  of  estimating  performance  at  low  speeds  the  following  engine  conditions 
were  assumed: 


intake  kinetic  energy  efficiency 

=  98,  99,  &  i(H)  percent 

Combustion  efficiency  ^ 

=  100  percent 

Nozzle  velocity  coefficient 

=>  0,99 

Nozzle  area  ratio  A.,/A0 

Fuel  injected  normal  to  flow  and  at  37*R 

=  1.00 

Equilibrium  conditions 

Specific  impulse,  at  Mach  6.0  for  3  different  4’s,  plotted  against  V../V-.  is  presented  in 
Figure  8.  Actually  this  form  of  presentation,  while  valuable  for  stoichiometric  conditions, 
is  somewhat  misleading  when  low  values  of  4  are  encountered.  Although  increases 

with  decreasing  4’s,  the  thrust  coefficient  falls  off  rapidly  thereby  giving  poor  overall 
performance.  As  a  result  a  new  form  of  presentation  is  adopted  herein. 


Some  representative  results  (for  an  tj^  of  0.98)  are  shown  in  Figures  9,  10,  and  11, 

corresponding  to  Mach  numbers  of  4.0,  5.0,  6.0.  In  each  figure  the  performance  of  the 
engine  is  represented  by  the  parameter,  4  1  ,  which  is  shown  as  a  function  of  4  and 

V,/V0.  By  using  the  parameter,  4  I  ,  it  is  a  simple  matter  to  assess  both  the  1 .  and 

sp  sp 

specific  thrust  of  the  engine,  as  the  latter  is  proportional  to  the  product  4  and  I  .  On 

each  chart  the  equivalence  ratio  limitation,  due  to  the  sonic  exit  condition,  is  indicated. 
This  limitation  is  not  significant  at  Mach  6.0  but  becomes  very  restrictive  at  Mach  4.0. 


As  presented,  these  performance  curves  relate  ro  variable  geometry  engines.  It  is 
pertinent  to  illustrate  next  the  effect  of  fixed  geometry  inlet  operation  on  the  attainable 
cycle  performance. 
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From  <■>:  imin.-ition  of'  Figure  4  it  is  apparent  that  at  very  high  speeds  the  diffusion  per- 

V 

t  o  me  I  nv  nie  inlet  o.  vetv  small  >  0.1>5  <  ~  •  l).  The  type  of  inlet  geometry  resulting 

V  ^ 

:r".ii  .inch  e. msuler  itmn  will  usually  consist  of  a  low  angle  ramp  followed  by  additional 

.seiitropic  eompression.  However,  for  purposes  of  illustrating  intake  characteristics  at 

the  lower  speeds,  a  siiaole  two  shock  intake  will  initially  be  considered  in  th.->  report. 

1  lie  pert*  •rmanee  of  such  an  inlet  is  shown  in  Figure  12.  where  77,.  and  V.  /  V0  are 

K  L. 

shown  as  funetii'ns  of  fbght  Mach  number  and  wedge  angle. 


!•  is  generally  accepted  that  for  a  given  Mach  number  a  given  inlet  svill  operate  at  a 
ab.stauti.'lly  constant  process  efficiency  (K as  VP/V0  varies,  that  is,  tv,.,  is  related 

V7  K  U 

to  V.  V.  bv  the  relation  17^  -  R|j  (1-K^y  (  y*  f .  However,  for  a  given  inlet  configuration 

n  appears  that  the  effect  of  reducing  flight  speeo  m  to  increase  the  diffusion  performed 
I-,  the  inlot  and  simultaneously  to  increase  kinetic  energy  efficiency.  In  fact  for  this  inlet 
:  rciul  is  toward  operation  at  constant  at  the  lower  Mach  numbers,  'I'he  precise 

v.ui.t’ioii  of  the  inlet  parameters;  such  as  17..  ,  Va/V0,  pre-entry  drag,  and  spillage,  can- 

K  l'- 


n  >'  ho  preseiueJ  in  parametric  terms  at  this  time  due  to  the  lack  of  inlet  design  informa- 
far  the  speed  range  considered.  Additionally,  it  is  difficult  to  generalize  such  informa¬ 
tion  because  of  ib  close  integration  of  engine  and  vehicle  design.  For  example,  the  per¬ 
formance  of  •!  iow  angle  wedge  inlet  is  considerably  affected  by  the  incidence  schedule 
tlo.vn  by  tiie  vehicle,  which  may  be  determined  largely  from  engine  considerations.  An 
additional  complication  concerns  the  changes  in  the  internal  shock  reflections  within  the 
.nlet  which  arise  as  the  flight  speed  is  reduced.  Exact  cancellation  of  the  reflected  shocks 
"  ]y  only  be  anticipated  ar  riie  design  condition.  At  off-design  conditions  the  reflected  shocks 
may  not  comply  with  the  necessary  flow  boundary  conditions,  and  near-normal  shocks  may 
be  generated  with  complete  flow  breakdown. 


Returning  to  the  simple  two  shock  inlet  considered  in  Figure  12,  it  is  evident  from  the 
performance  shown  in  Figures  9  to  11  that  the  diffusion  provided  by  this  simple  intake  i« 
quite  inadequate  for  acceptable  low  speed  performance.  'Rhus  for  good  performance  at 
low  speeds  ic  is  necessary  to  design  an  inlet  which  will  accomplish  significantly  more 
diffusion  than  the  simple  two  shock  inlet.  In  the  present  state  of  the  art  only  one  Known 
example  of  a  fixed  geometry  inlet  yielding  the  diffusion  characteristics  required  at  losv 
speeds  (Mach  6  in  this  case),  yet  maintaining  good  performance  at  high  speeds  (Mach  25), 
lias  appeared.  This  inlet  is  the  one  described  in  Reference  2. 


in  view  of  the  limited  amount  of  inlet  data  it  is  essential  to  postulate  some  type  of  inlet 
p  rformance.  We  assumed  that  the  intake  performance  is  described  by  the  following: 

!.  I'he  intake  operates  at  a  constant  velocity  decrement,  that  is.  V0  -  V3  =  constant. 
Has  assumption  establishes  the  velocity  ratio  schedule  as  a  function  of  V0. 

2.  The  inlet  operates  at  a  constant  value  of  rj^,  this  value  being  dependent  on  the 
velocity  decrement*  associated  with  the  inlet. 


•Some  interesting  computations  using  the  velocity  decrement  parametric  are  given  in 
Reference  A. 
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3.  The  spillage  characteristic  of  the  inlet  is  consistent  with  the  above  two  postulates, 
and  thus  inlet  choking  is  avoided. 

By  way  of  illustration  the  velocity  schedules  corresponding  to  various  assumed  values 
of  the  velocity  decrement  are  shown  in  Figure  13  together  with  some  available  inlet  data. 
The  variations  of  inlet  enthalpy  ratio  and  with  Mach  number  are  shown  in  Figures  14 

and  15. 

Discussion 

The  effect  of  the  intake  diffusion  characteristics  on  Scramjet  performance  is  shown  in 
Figure  16.  For  a  given  inlet  velocity  decrement,  stoichiometric  opera ‘ion  is  maintained 
as  flight  speed  is  reduced  until  the  sonic  exit  condition  is  reached.  With  further  reduction 
in  flight  speed  the  equivalence  ratio  is  reduced  with  a  consequent  reduction  in  specific 
thrust  and  an  initial  rise  in  specific  impulse. 

With  higher  amounts  of  diffusion,  for  example,  V0  -  Vr  =  2000,  the  overall  performance 
of  the  engine  is  improved;  but,  the  sonic  exit  limit  is  encountered  at  higher  flight  speeds 
than  it  is  with  lower  amounts  of  diffusion.  In  general,  however,  the  cycle  performance 
deteriorates  quite  rapidly  below  about  Mach  5.0.  If  more  restrictive  assumptions,  con¬ 
cerning  pre-entry  drag  or  fixed  nozzle  performance,  were  incorporated  into  this  analysis 
then  the  performance  would  deteriorate  even  more  at  the  lower  speeds. 

The  degree  o#  inlet  diffusion  also  exerts  an  influence  on  the  area  ratios  of  the  constant  - 
pressure  com  bus  tor.  Tills  effect  Is  shown  In  Figure  17  for  an  equivalence  ratio  of  one. 

With  low  amounts  of  diffusion  the  temperature  ratio  across  the  combe  or  Is  high  and  the 
area  ratio  is  correspondingly  large.  With  increasing  flight  speed  the  area  ratio  decreases; 
however,  this  should  not  be  taken  to  imply  that  a  variable  area  combustor  is  required. 

Must  probably  a  combustor  cuuid  be  designed  for  the  highest  area  ratio  required  at  the 
lower  speeds,  and  an  inefficient  but  acceptable  expansion  process  be  allowed  to  commence 
in  the  chamber  at  the  higher  flight  speeds.  An  attractive  alternate  to  avoid  variable  area 
would  be  to  schedule  the  fuel  flow  as  a  function  of  flight  speed.  Typical  fuel  schedules  are 
shown  in  Figure  18  for  an  intake  £V  of  1500. 

Up  to  this  stage  one  major  problem  of  low  speed  operation  has  been  purposely  avoided, 
namely  the  effect  of  low  speed  operation  on  the  chemical  kinetics  of  the  combustion  process. 
'The  effects  of  static  pressure  and  temperature  on  the  ’  ime  required  for  the  overall  reac¬ 
tion  of  hydrogen  and  air  arc  shown  in  Figure  Id.  The  reaction  time  has  been  calculated 
from  the  empirical  equations  of  Reference  4.  For  short  reaction  times  temperatures  in 
excess  of  2000°R  and  pressures  greater  than  about  5  psia  are  required.  In  low  speed 
operation  comparatively  low  temperatures  are  obtained,  and  despite  the  lower  flow  velocities 
the  overall  reaction  rimes  are  generally  excessive.  'This  situation  is  illustrated  in  Figure 
20  where  the  static  temperature  at  entry  to  the  combustor  is  shown  for  various  levels  of 
diffusion.  It  is  probable  that  supersonic  combustion  will  not  b»  sustained  at  local  static 
temperatures  much  below  1800°R.  It  can  he  seen  that  the  intakes  with  the  highest  diffusion 
will  yield  acceptable  conditions  down  to  about  Mach  6.0.  However,  it  is  anticipated  that 
chemical  Kinetic  conditions  will  be  marginal  during  low  speed  operation  and  additional 
flame  stabilizing  devices  will  he  required.  Such  devices  should  not  adversely  affect  the 
high  sieed  operation  of  the  engine.  Some  suggested  piloting  devices  are  shown  in  Figure  21. 
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s.T..*nu*s  are  largely  self  explanatory  although  the  induced  shock  pilot  deserves 
...uae  comment.  In  this  scheme  the  shock  in  the  annular  duct  is  swallowed  at  the  higher 
Mach  num!  crs;  at  lower  speei  s  the  shock  "pops”  creating  a  local  region  of  extensive 
subsonic  flow  at  elevated  pressure  and  temperature.  The  wall  recessed  pilot  may  assume 
more  predominance  than  in  the  past  since  hydrogen  will  he  available  to  actively  cool  this 
configuration.  These  various  schemes  may  well  overcome  the  chemical  kinetic  problems 
associate.!  with  low  speed  operation.  Alternatively  the  chemical  kinetic  problems  associ¬ 
ated  with  hydrogen  and  air  may  lie  avoided  by  utilizing  pyrophoric  fuels.  No  arte'  lpt  has 
been  math*  to  assess  the  potential  advantages  of  using  such  highly  reactive  fuels.  The 
major  problem  anas  discussed  are  summarized  below. 

1 .  \>  ide  Mach  number  operation  of  fixed  geometry  components 

2.  Limitations  on  heat  addition  in  constant  area  and  constant  pressure  duets 
The  importance  of  obtaining  adequate  diffusion  at  the  lower  speeds 

I.  Chemical  kinetic  problems  of  combustion 

it  appears  to  he  difficult  >:i  achieve  adequate  performance  at  very  low  speeds  such  as 
M.icii  2  to  4.  Furthermore,  since  the  subsonic  burning  ramjet  provides  better  overall 
pi.  riurmanee  at  these  lower  speeds  it  is  worth  investigating  the  possibility  of  converting 
the  Scramjet  to  the  subsonic  burning  mode.  The  rest  of  this  report  will  be  concerned  with 
this  problem. 


STIRS'  )N1C  SUPERSONIC  CONVERSION 


In  considering  ilk*  type  of  heat  addition  mode  for  the  lower  speeds,  a  preliminary  survey 
was  conducted  of  engines  employing  both  oblique  and  strong  detonation  waves  (Figure  22L 
liec  tuse  of  the  uncertain  and  limited  performance  of  such  engines  it  was  decided  to  restrict 
this  work  to  considerations  of  only  the  conventional  subsonic  burning  ramjet  engine.  A 
typical  performance  chart  for  such  an  engine  is  shown  In  Figure  23.  For  a  high  thrust 
engine  such  as  required  for  acceleration  missions,  acceptable  performance  is  obi  air, id  with 
equivalence  ratios  approaching  1.0  and  with  small  degrees  of  no/*/ ling,  that  is.  A*  i.  =  l>.*> 
even  though  a  small  penalty  is  encountered  in  I 

sp 

It  appears  that  one  of  tile  first  requirements  in  convolving  to  the  subsonic  mode  is  to 
provide  a  small  degree  of  contraction  following  the  combustor.  Various  methods  of  pro¬ 
viding  this  contraction  may  bo  considered  as  shown  in  Figure  24. 

b  may  In*  possible  to  provide  a  small  permanent  degree  of  contraction  without  seriously 
impairing  the  supersonic-combustion  performance  of  the  engine.  However,  the  requirement 
for  a  convergent  no/./.lc  section  may  not  he  stringent  from  the  performance  viewpoint  since 
acceptable  engine  performance  can  he  obtained  with  a  stralghtplpe  combustor.  A  rather 
more  important  requirement  is  to  reduce  the  divergent  area  ratio  at  lower  speeds  to  pre¬ 
vent  overcxpanslon  losses;  two  simple  2-posltlon  schemes  a«v  sketched  in  Figure  24. 
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The  most  central  problem  is  that  of  achieving  a  controlled  conversion  between  the  sub¬ 
sonic  and  supersonic  modes  with  a  continuous  thrust  output.  One  method  of  achieving  such 
conversion  is  by  means  of  a  mixed-flow  engine  system.  In  its  mechanical  form  such  an 
engine  is  illustrated  in  Figure  25.  During  high  speed  operation  the  pilot  zone  operates  with 
supersonic  flow;  at  a  lower  speed  a  normal  shock  is  disgorged  ahead  of  the  pilot  creating 
an  extensive  subsonic  flow  region.  Such  effects  may  also  be  obtained  bv  aerodynamicallv 
creating  mixed  flosvs.  Naturally  the  whole  transition  process  could  be  controlled  by  using 
a  variable  geometry  system  if  a  variable  geometry  combustor  pnw  practicable.  However, 
it  must  he  noted  that  regardless  of  how  the  transition  from  supersonic  to  subsonic  conver¬ 
sion  is  accomplished,  provisions  must  be  made  for  matching  the  inlet  to  the  combustor. 

This  problem  is  illustrated  in  Figure  26  where  the  required  capture  area  ratios  for  typical 
supersonic  and  subsonic-combustion  conditions  arc  shown.  If  transition  from  one  mode  <>f 
combustion  to  another  is  made  at  any  given  Mach  number  then  some  method  of  adjusting 
the  inlet  capture  area  ratio  is  required.  The  most  efficient  means  of  changing  the  capture 
area  ratio  is  by  utilizing  variable  geometry.  Another  method  proposed  is  the  “dual-mode 
combustor”  and  is  illustrated  in  Figure  27;  in  this  ease  the  inlet  is  designed  for  the  super¬ 
sonic  mode  but  is  allowed  to  operate  in  the  subsonic  mode  as  a  supercritical  conventional 
intake.  The  special  feature  of  this  engine  system  is  that  two  combustors  are  provided,  one 
for  supersonic  combustion  anil  the  other  for  subsonic  operation.  The  supersonic  combustion 
precedes  the  subsonic  one  and  acts  as  the  subsonic  diffuser  of  the  intake  during  subsonic  - 
combustion.  The  transition  from  one  mode  to  another  is  illustrated  schematically  in  Figure 
28. 

It  will  he  seen  that  in  the  subsonic  mode  fuel  is  injected  into  only  the  subsonic  combustor, 
the  flame  being  stabilized  on  recessed  flamehoKlers.  The  intake  operates  supercritical ly. 
To  make  the  transition  to  supersonic  combustion,  fuel  is  injected  upstream  of  the  swallowed 
shook,  and  at  the  same  time,  the  fuel  flow  to  the  subsonic  combustor  reduced.  Thus  the 
shock  moves  downstream  anti  is  ejected  from  the  engine.  Finally  all  the  fuel  is  injected 
into  the  supersonic  combustor  and  full  transition  is  achieved.  Tito  process  described  above 
yields  a  steady  transition  from  subsonic  to  supersonic  eombu.-tion  in  a  fixed  geometry 
system.  Although  separate  combustors  and  injectors  have  been  shown  in  this  illustration 
it  is  probably  that  an  integrated  engine  system  using  one  set  of  injectors  could  be  devolopeu. 
1’his  “dual-mode”  engine  scheme  may  be  one  practical  solution  to  the  problem  of  efficient 
lowspeed  operation. 

It  is  interesting  that  IVrchonok  (Reference  5j  has  demonstrated  a  controllable  and  stable 
transition  from  supersonic  to  subsonic  combustion,  and  vice-versa,  in  a  constant  area  duct. 

To  assess  the  cycle  performance  of  the  dual -mode  engine  in  the  subsonic  burring  mode 
four  tvpieal  configurations  were  investigated  corresponding  to  intake  velocity  decrements 
of  1000  and  1500  and  combustor  area  ratios  of  5  and  4.  The  results  are  shown  in  Figure  2‘>. 
In  general  the  engine  perform.! nee  maximizes  at  about  Mach  4.0.  Hehnv  Mach  4.0  the  over- 
expansion  losses  in  the  nozzle  cause  a  sharp  loss  in  performance.  Above  Maeii  4.0  tile 
increasingly  supercritical  operation  of  the  inlet  also  brings  about  a  deterioration  in  per¬ 
formance  as  the  Mach  number  Increases. 

It  is  emphasized  that  the  performance  shown  in  Figure  2'*  is  the  cycle  performance.  No 
allowance  has  been  made  for  the  pre-entrv  drag  associated  with  the  inlet  or  for  the  effects 
of  the  substantial  spillage  which  occurs  at  the  lower  speeds.  However,  for  the  low  angle 
ramps  associated  with  this  class  of  inlet  the  pre-entrv  drag  is  quite  small.  Calculations 
Including  the  effect  of  spillage  have  not  been  m.Mc  due  to  the  lack  of  t cproscutatiw  data 
in  tills  area. 
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iv  it  i mu  hi  * •  i i in!  ui'-'n  the  optimistic  nature  of  the  performance  results  obtained 

r ,  •  •  ■  the  subs, mic  operating  mole,  it  is  interesting  to  consider  b'igure  30,  whore  the  per¬ 
formance  corresponding  to  imrh  modes  of  operation  is  shown  for  two  values  of  inlet  diffusion. 
!■'■•>  ;li  j n i  with  the  l  ir  amount  of  diffusion  the  overall  level  of  performance  is  higher 
p.-eds  'it  ■.  sees*-  of  Uu  h  If  lower  inlet  diffusion  is  accented  then  the  performance 
.u  the  iu. diet*  speeds  is  impaired,  hut  the  low  speed  performance  is  improved.  In  either 
e.i.-v  :i  appears  that  this  dual  mod.-  on-tine  vields  pood  cycle  pe'l'orinance  at  Mach  3  and, 
with  eonversii  a  to  supe; .-onu'  comlnistion  in  the  region  Mach  ft  to  7,  will  continue  u>  yield 
acceptable  performance  out  to  very  high  hypersonic  Mach  numbers. 


ii  will  be  apparent  that  if  such  an  engine  system  is  specifically  designed  for  wide  Mach 
nun.bi  r  operation  manv  design  parameters,  such  as  the  intake  and  combustor  area  ratios, 
can  he  chosen  to  optimize  overall  engine  performance.  Inlet  spillage  characteristics  will 
be  of  particular  importance  and  must  be  carefully  considered.  Such  an  engine  system 
could  appear  io  he  veiv  attractive,  for  hypersonic  flight  applications  such  as  pure  boost/ 
c raise  missions. 


A  particular.  {tractive  by-product  of  this  concept  would  he  to  use  such  an  engine  in 
a  hvpe r sonic  rest  vehicle  for  exploration  of  flight  at  speeds  in  excess  of  Mach  3.  The 
n.pn.  itself  and  iis  conversion  process  could  be  investigated  in  available  ground  test 
i  iciliiies  so  that  a  reasonable  level  of  confidence  could  he  gained  before  flight  test.  One 
initial  flight  testing  at  the  lower  speeds,  using  subsonic  combustion,  was  completed, 
exploratory  investigations  of  the  region  beyond  Mach  8  could  be  undertaken  with  the  engine 
operating  in  the  supersonic  combustion  mode.  In  this  manner  a  sound  technological  base 
for  hypersonic  flight  could  he  established.  Such  a  program  would  not  have  to  await  the 
development  of  hypersonic  turboramjets  or  turlm-accelerators  since  the  low  take-over 
Mach  number  associated  will)  the  dual  mode  engine  should  he  within  the  capability  of  current 
technology. 


CONCLUSIONS 

This  investigation  of  the  low  speed  performance  of  supersonic  combustion  ram  jet  engines 
has  shown  that  such  performance  is  largely  limited  by  the  following  factors: 

1.  Hie  diffusion  schedule  of  the  intake 

2.  I  he  limited  amount  ot  heat  which  can  he  added  to  a  one-dimensional  supersonic 
stream  without  encountering  choking  or  a  sonic  exit  condition 

.1.  i'ln.-  chemical  kinetic  limitations  imposed  by  the  low  temperature  environment 

A  chough  the  'imitations  imposed  by  the  above  factors  can  he  overcome  to  some  degree 
by  various  design  features,  it  is  anticipated  that  conversion  to  subsonic  burning  will  ee 
required  for  operation  at  low  supersonic  Mach  numbers.  Two  possible  schemes  have  been 
briefly  mentioned,  namely  the  mixed-flow  engine  and  the  dual-mode  combustion  engine. 

I  I ie  latter  engine  has  been  shown  to  possess  good  cyc  le  performance  over  a  wide  speed 
range;  but  much  further  work  is  necessary  to  assess  the  performance  of  typical  fixed 
geometry  design. 

li  is  finally  concluded  that  the  further  study  of  such  convertible  subsonic-supersonic 
schemes  Is  liigl  ly  desirable,  since  there  are  many  Interesting  applications  to  hypersonic 
vehicles. 
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Figure  2.  Schematic  Arrangement  of  Supersonic  Con.bustion  Ramjet  Engine 
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Figure  3.  Performance  of  Constant- Pressure  Combustion  Sc  ramjet  at  26,  000  Ft/Sec 
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Figure  4.  Performance  of  Constant- Pressure  Combustion  Sc  ramjet  at  26,  0C0  F:/bi 
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Figure  5.  Choking  Limits  for  Constant- Area  Combusti 
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FLIGHT  MACH  NUMBER 


ASSUMPTIONS 
M0  *  6.0  Ms*  1 .10 
Y  *  I.  32  K0  ■  0.96 
r)  ■  POLY  TROPIC  EXPONENT 
NOTE:  For  dM  ‘0  ,  Mt  »  M, 

For  dT  =0,  M,  >V4 

o  For  --  2.5 

(AV  w  1500  FT/SfcC) 
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Figuri-  H,  Knuinc  IVrfornmm  c  .it  M.irh  6.  0 
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Figure  9,  Scramjct  Performance  at  Mach  4.0 
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Figure  10.  Scrarrijet  Performance  at  Mach  5. 


Figure  11.  Scramjet  Performance  at  Mach  6. 


Figure  12,  Performance  of  Two-Shock  ’ntakes  at  Low  Speeds 
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Figure  14.  Enthalpy  Ratio  versus  Velocity  for  Various  Values  of  V, 


Ftgjre  15.  Kp  Variation  with  Velocity  for  Assumed  Variation  of  77j,,. 
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Figure  17.  Combustor  Area  Ratio  for  Fixed  Velocity  Increment  Inlets 
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Figure  IH.  Et|uivali*m'«*  Rutio  for  Fixrtl  Velocity  Increment  Inlets 
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Figure  22.  Solisonic  Modes  of  Heat  Addition 
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Figure  24.  Nozzle  Geometry 
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(A)  H.Gri  SPEED  OPERATION 
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Figure  ?.(■>.  Capture  Area  Ratios  Rcrpilrctl  fur  Serautjot  ami  .Sttlisonii  Operation 
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